The water and heat balances of an arable field and a forest in the boreal zone in Scandinavia were explored using 3 yr of observations and simulations with two different soil-vegetation-atmosphere transfer (SVAT) models over a 30-yr period. Results from a detailed mechanistic model [coupled heat and mass transfer model (COUP)] were compared with those obtained with a large-scale type of SVAT model used in the weather prediction model at the European Centre for Medium-Range Weather Forecasts [ECMWF tiled land surface scheme (TESSEL)]. The COUP model simulations agreed well with the observations from a seasonal perspective. The TESSEL model differed significantly from the measurements when standard operational parameter values were used. The introduction of a seasonal variation in leaf-area index values, tuned canopy resistance for forest, and a reduced roughness length over snow-covered open land reduced the discrepancies. Net radiation was 40% higher in the forest when compared with the arable land, based on 30-yr simulations with both models. Furthermore, the forest was a net source of sensible heat flux, whereas the arable land was a net sink. Because of different treatment of winter interception evaporation, forest latent heat flux based on the COUP model considerably exceeded that from the TESSEL model, and suggested that the total annual evaporation was higher from the forest than from arable land. The representation of interception evaporation in winter, as well as seasonal dynamics in vegetation properties are, thus, of considerable importance for adequate simulation of forest and arable land energy fluxes within the boreal zone.
Introduction
Land surface heat exchange processes are important boundary conditions for atmospheric processes as well as for hydrological, biological, and chemical processes at the land surface. Processes at the land surface govern the input of heat and moisture to the atmosphere by the absorption of solar radiation and the partitioning of net radiation (R n ) into sensible (H) and latent heat (LE). Land surface heat exchange also governs the soil microclimate and, thus, the storage and release of carbon, methane, and other greenhouse gases, which have a long-term effect on the climate.
This study focused on the land surface exchange pro-cesses in the boreal zone in northern high latitudes. This is a region where climate change due to increased atmospheric CO 2 will be most pronounced according to general circulation model (GCM) predictions (Houghton et al. 1996) . The boreal zone is dominated by evergreen forests, with open areas of lakes, bogs, and arable fields spread out in a mosaic pattern. Several GCM studies have shown that the boreal forests have a significant impact on the climate of the Northern Hemisphere (Thomas and Rowntree 1992; Bonan et al. 1995; Douville and Royer 1997) . Forests contribute more heat and moisture to the atmosphere compared to open areas with low vegetation, such as tundra or grassland meadows. This is thought to be a consequence of the higher input of net radiation to the forest, especially in winter when the high albedo of the snow is overshadowed by the low albedo of the trees. In dry summer conditions, evapotranspiration may be higher from open areas than from forests, because of the typically higher transpira-
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tion by, for example, grassland and arable crops than by evergreen forest trees. However, higher rates of interception evaporation in forests, especially in winter, may contribute to a higher total evapotranspiration from forests averaged over the year.
To understand the complex interactions within a mixed landscape of different land cover and land use, improved understanding of the component land units is also required. It is, therefore, of significant interest to further evaluate and quantify differences in the exchange of water and heat between different surface types within the boreal landscape. Bringfelt et al. (1999) compared the water and heat exchange above neighboring experimental sites in forests, arable fields, and a lake in the Scandinavian boreal zone. For a single summer day they found that the Bowen ratio (␤ ϭ H/LE) was 1-3 above forest areas, less than 1 above arable fields, and around 0 above the lake. Midday sensible heat flux varied from approximately 300 above the forest to 100 W m Ϫ2 above the arable fields and to just below zero above the lake. Observed latent heat fluxes were in the range of 100-250 W m Ϫ2 above both the forest and arable land, but not more than 100 W m Ϫ2 above the lake. In a similar study in winter, Harding and Pomeroy (1996) showed that during the snowmelt season, a snow-covered lake was a net sink for sensible heat flux, at the same time as a nearby forest was a net source of sensible heat flux. It has also been shown that the evaporation of intercepted rain or snow has a greater effect on the surface energy balance and hydrology of forests compared to open land. The accumulated snow on the ground may be reduced by up to 30% in forests because of the evaporation of intercepted snow (Harding and Pomeroy 1996) . On the other hand, snowmelt rates can be lower in forests because of the reduced radiation and turbulent exchange below the canopy (Ohta et al. 1993) .
Models describing the water and heat exchange in the soil-vegetation-atmosphere system are important components in weather prediction and climate models. Soilvegetation-atmosphere transfer (SVAT) models are also tools for analyses of the impact of different land use on water and land resources. The SVAT models differ depending on their origin and the main purpose for which they have been developed. Typical differences are related to the scale and the degree of aggregation of different components. The need for evaluation and adequate parameterization of SVAT models with respect to different terrestrial ecosystems has been stressed in order to reduce the uncertainties in GCM predictions (Viterbo and Beljaars 1995; Henderson-Sellers 1996; Chen et al. 1997; Verseghy 2000) . Several large-scale projects have been established to investigate land surface exchange processes in different climate regions and ecosystems. The Boreal Ecosystem-Atmosphere Study (BOREAS; Sellers et al. 1997) and Northern Hemisphere Climate Processes Land-Surface Experiment (NOPEX; Halldin et al. 1998) projects have contributed valuable knowledge of boreal ecosystems in Canada and Scandinavia, respectively.
The objectives of this study were 1) to compare the seasonal water and heat balances of a forest and an open arable field at the southern edge of the Scandinavian boreal zone as represented by observations and sitespecific model simulations, and 2) to evaluate the current representation of these types of land covers within the boreal zone in a typical large-scale GCM model. A detailed SVAT model [coupled heat and mass transfer model (COUP); Jansson and Karlberg 2001] was used to explain general differences in seasonal dynamics and long-term budgets of water and heat flux components of the two surfaces. The model has been developed from a hydrological local-scale perspective and represents a ''mixed vegetation-cover approach'' where the land surface is represented by a number of vertically stratified and interacting subsurfaces (e.g., bare soil, snow, vegetation, intercepted water). The results from this model were compared with those obtained from an SVAT model used in operational weather forecasts [European Centre for Medium-Range Weather Forecasts (ECMWF) tiled land surface scheme (TESSEL); van den Hurk et al. 2000 ]. The TESSEL model represents a ''mosaic vegetation-cover approach'' where the land surface is represented by independent subsurfaces scaled by their areal fractions (Koster and Suarez 1992) .
The COUP model was parameterized based on sitespecific measurements in a forest and at an open arable field within the NOPEX area, whereas the TESSEL model was parameterized for each land cover type that was used in its operational version with only minor sitespecific modifications. Both models were evaluated with 3 yr of observations from the field and the forest sites. Based on these results, the TESSEL model was also applied with a tuned parameterization including seasonal variation in vegetation properties (TESSEL*). Each model was run with 30-yr driving datasets for forest and open arable land. The results were compared with respect to the average seasonal variation in water and heat flux components for both land covers.
Materials and methods

a. Field sites and data
The central NOPEX experimental site on the Norunda Common (60Њ5ЈN, 17Њ29ЈE; altitude 45 m), hereinafter referred to as the Norunda forest site, is located about 30 km north of Uppsala, Sweden. The region is flat, and the central tower site has a maximum fetch of 6 km and a minimum fetch of 1 km. The surrounding area consists of 70-100-yr-old forest dominated by Norway spruce and Scots pine of a rather uniform height (25-30 m) and leaf-area index (3-5 m 2 m Ϫ2 ). The soil type is a deep, boulder-rich sandy till of glacial origin.
A continuous climate-monitoring program has been running at the site since June 1994. Turbulent fluxes of VOLUME 43 Grelle and Lindroth (1996) ; .
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sensible and latent heat, shortwave and longwave radiation, and meteorological variables were measured on the 102-m mast at the center of the site. Soil moisture, soil temperature, soil heat flux, and stem sap flow were measured in the surrounding forest stands as described by Lundin et al. (1999) . A 3-yr dataset was available for this study, including meteorological forcing from 1 January 1994 to 31 December 1996 and validation variables from 1 June 1994 to 31 October 1996 (Gustafsson et al. 2003) , as summarized in Table 1 . The average closure in the present dataset was estimated at 86% (96% in summer; Grelle 1997; Gustafsson et al. 2003) based on net radiation, eddy-correlation fluxes, and soil surface heat flux. The accuracy of the eddy-correlation measurements was estimated at 1.8% and 7.3% for sensible and latent heat flux, respectively (Grelle 1997) .
One uncertainty related to the estimated energy balance closure is that the net radiation represents a relatively small area around the mast, whereas the eddy-correlation measurements may have a source area ranging from less than 50 m to several kilometers from the mast (Grelle 1997) . Second, the heat storage within the canopy was not taken into account. The agricultural field site at the Marsta Meteorological Observatory (59Њ55ЈN, 17Њ35ЈE) is located about 9 km north of Uppsala and is hereinafter referred to as the Marsta field site. The site is located in a flat agricultural area, with an open fetch of about 0.5-4 km, limited by small forest areas. The soil type is loamy clay with an organic content of 6% in the topsoil and 2.5% in the subsoil. The management of the surrounding fields is typical for the area, the growing season normally starts in May and harvest takes place in August. The fields are ploughed in autumn and sown with either winter or spring crops, or left uncultivated during the winter and the following summer (fallow; Halldin et al. 1999) . A dataset, including meteorological forcing variables and validation variables of surface heat fluxes, as well as snow and soil physical conditions, was put together within the ''WINTEX'' project (the wintertime extension of the NOPEX project), as described in Halldin et al. (1999) and Gustafsson et al. (2001;  Table 1 ). The dataset covers nearly 3 yr from 1 November 1997 to 31 July 2000. Turbulent fluxes of sensible and latent heat above the arable field were measured with eddy correlation on a 3.5-m mast. Soil temperature and soil moisture content were measured in four soil profiles in an arable field located in the prevailing wind direction (southwest) for the eddy flux measurements. Net radiation and its upward and downward components were measured above a short-cut lawn within the observatory area. Unfortunately there were no measurements of the net radiation or any of its components available for the agricultural fields. Snow depth was measured continuously at one point close to the soil profiles and manually once a week along a 75-m transect. Latent heat flux was systematically underestimated by the eddy-correlation system at Marsta, because the frequency resolution of
the gas analyzer was too low Gustafsson 2002) . The observed sensible heat flux was of similar accuracy as for the forest site.
Four 30-yr meteorological datasets representing forest and arable land at Norunda and Marsta were constructed from observations at Uppsala Airport from 1970 to 1999. Observations of air temperature, wind speed, and humidity at Uppsala Airport were interpolated to the Marsta and Norunda sites using linear regression functions based on overlapping time periods. The interpolation of precipitation to the Norunda site was uncertain, because only summertime observations were available from Norunda. A constant correction of ϩ10% was added to the precipitation data from Uppsala Airport, based on the ratio of accumulated summertime precipitation at the two sites. The forest and the arable land datasets were assumed to differ only with respect to wind speed, which was obtained from correlations with the observed wind speed at the Norunda forest and the Marsta arable land, respectively.
b. Model descriptions
The models have been described in detail in previous papers and only a short summary is given below. The COUP model was first presented as the ''SOIL'' model (Jansson and Halldin 1979) . The most recent technical description of the model can be downloaded from the Internet (found online at http://www.lwr.kth.se/ Vara%20Datorprogram/CoupModel/index.htm). Previous applications of the model in the NOPEX region have been reported by Jansson et al. (1999) for the forest stand and by Johnsson and Jansson (1991) , Gustafsson et al. (2001) , and Gustafsson (2002) for the arable land. The TESSEL model (van den Hurk et al. 2000) is the latest version of the land surface scheme in the general circulation model used for weather predictions at ECMWF, (Reading, United Kingdom). The model has been designed to describe the land surface heat exchange processes of a GCM grid cell at a horizontal scale of 50-100 km. Different versions of the land surface scheme were tested and evaluated for the NOPEX forest as reported by Gustafsson et al. (2003) .
1) BASIC MODEL STRUCTURES
Both models are based on the energy balance approach (i.e., the net radiation is partitioned into latent and sensible heat and a possible storage term), and simulate the water and heat balance of a vertical soil profile discretized into horizontal layers. Water and heat exchange between the soil and the atmosphere are estimated from similar types of surface compartmentsbare soil, snow, vegetation, and intercepted precipitation. The main conceptual differences between the models concern the spatial configuration of, and interaction between, the surface compartments. The COUP model is based on a vertical structure of the surface compartments and allows for simultaneous water and heat exchange from the vegetation layer and soil/snow surface below. The soil surface constitutes the upper boundary for the soil profile, and exchanges of heat and water take place through the snowpack and/or the canopy above. The partitioning of net radiation and precipitation between the vegetation layer and the surfaces below is governed by classical interception concepts. In the TES-SEL model, surface compartments represent specific areal fractions, which are linked to the soil and to the atmosphere independently of each other. The surface compartments are referred to as tiles, because they are tiled side by side. This procedure allows for an efficient computation scheme, which is preferable in a GCM model structure. A specific tile is also defined to represent the occurrence of snow below high vegetation. Other model differences are related to the numerical procedures and the degree of detail in the description of different processes, which is further discussed below.
2) SOLUTION OF ENERGY BALANCE EQUATIONS FOR DIFFERENT SURFACES
The TESSEL model uses the same approach to solve the energy balance equation for each surface type (bare soil, low vegetation, high vegetation, intercepted water, snow on low vegetation, and high vegetation with snow beneath). Surface heat fluxes of the individual tiles are estimated with a numerical procedure that accounts for the feedback of the surface temperatures on both net radiation and resistances.
The COUP model uses different numerical methods for different surface types. The dynamic coupling between surface temperature and heat fluxes, which is used in the TESSEL model, is only used for the bare soil surface and for the snow surface. Evaporation from the vegetation, that is, transpiration and evaporation of intercepted water, is calculated with the analytical approach suggested by Penman (1953) as modified by Monteith (1965) . The sensible heat flux and the corresponding surface temperature of the vegetation are calculated based on the residual term of the energy balance for the vegetation.
3) INTERCEPTION OF PRECIPITATION
Interception and evaporation of intercepted water in both liquid and frozen forms are accounted for in the COUP model. Transpiration or interception is excluded only when the snow depth exceeds the height of the vegetation layer. Dewfall is considered whenever the potential evaporation is negative. The ratio between the evaporation from intercepted water and transpiration is estimated as the ratio between the corresponding potential rates. Interception of rain or snow on the canopy occurs as long as the precipitation is below the interception capacity, which is assumed to be higher for snow than for rain. The TESSEL model only accounts for interception processes in snow-free conditions. Fractional surface cover of the intercepted water is assumed to equal the ratio between the interception storage and the interception capacity and thus changes dynamically for both the high and low vegetation tiles in proportion to the interception storage.
4) CONTROL OF TRANSPIRATION
Both models account for the regulation of canopy resistance by shortwave radiation and atmospheric vapor pressure deficit. The transpiration is also governed by soil moisture conditions as reduced below prescribed soil moisture threshold values. However, the COUP model allows for a flexible distribution of the root water uptake in the soil profile under limiting soil water conditions. Soil frost reduces transpiration in both models as a result of reduced liquid soil moisture content, but in the COUP model transpiration is also controlled by the soil temperature under unfrozen soil conditions.
c. Model parameterization
1) PARAMETERIZATION STRATEGY
The COUP model parameter values for the forest and arable land (Table 2) were partly adopted from previous applications of the model to the Norunda forest (Jansson et al. 1999 ) and the Marsta arable land Gustafsson 2002 ). These parameterizations were based on literature values, site-specific estimates, and calibrations against the available observations of surface heat fluxes, net radiation, surface albedo, soil temperature, and liquid soil moisture content. A reparameterization of the forest in the COUP model, concerning a few winter-related processes, was required compared to Jansson et al. (1999) , due to recent model developments and the extension into winter periods (Table 2). The TESSEL model was parameterized for the forest and the arable land in two different ways: (a) with the default parameter values for boreal forest and open land used within the operational version for the closest grid point (van den Hurk et al. 2000) , here denoted ''TESSEL,'' and (b) with tuned parameter values for leaf-area index and minimum canopy resistance for both surface types, and for roughness length over snow-covered open land ''TESSEL*.'' The more important differences between the COUP and TESSEL model parameterizations are discussed below.
2) SOIL PROFILE AND SOIL PHYSICAL PROPERTIES
A 12-m-deep soil profile was used in the COUP model simulations, in order to minimize the influence of the lower boundary conditions for heat flow. Soil physical properties were based on site-specific soil core samples taken down to a depth of 1 m at the Norunda and the Marsta sites, respectively (Stähli et al. 1995; Gustafsson et al. 2001) . The thermal conductivity of the forest soil surface was selected to represent an organic layer of 2-cm depth following de Vries (1975) , approximately 90% lower than for the mineral soil below.
The TESSEL model was parameterized according to the operational model version with four soil layers with total thickness of 2.89 m. Soil physical properties are vertically uniform and are based on an average of the medium-textured soils in the U.S. Department of Agriculture soil classification (Viterbo and Beljaars 1995) . The properties of this soil represent an intermediate compared to the hydraulic properties estimated for the Marsta and the Norunda sites (Table 2) .
3) FOREST SURFACE PROPERTIES
The COUP model parameters governing the canopy surface resistance, actual root water uptake, and withincanopy aerodynamic resistances for interception evaporation, snow evaporation, and bare soil evaporation were all chosen according to Jansson et al. (1999) . However, a maximum upper limit of the aerodynamic resistance set to 500 s m Ϫ1 was needed to avoid unrealistically low canopy surface temperatures. A seasonal variation in leafarea index (LAI) of 10% around the mean value (4.5 m 2 m Ϫ2 ) was used, based on a sensitivity analysis with the TESSEL model by Gustafsson et al. (2003) .
The forest parameters in the TESSEL model were based on the values used for the closest grid point in the operational model (van den Hurk et al. 2000) , except for some site-specific parameters. The fractional surface coverage of the vegetation was set to 90% in the TESSEL model, partitioned on 98% high vegetation and 2% low vegetation (Gustafsson et al. 2003) . Aerodynamic properties (Mö lder et al. 1999a ) and surface albedo of the vegetation (Mö lder et al. 1999b) were taken from site-specific estimations for both models. In the second application, the TESSEL model was run with the same seasonal variation in forest LAI as applied in the COUP model (TESSEL*, Table 2 ), and with a 25% reduction of the minimum canopy resistance for transpiration.
4) ARABLE LAND SURFACE PROPERTIES
The COUP model was parameterized based on calibrations with the Marsta data (Gustafsson 2002) . To obtain a reasonable simulation of the surface heat fluxes, a seasonal development of leaf-area index and canopy height, and a smaller roughness length for snow-covered conditions had to be used. An average vegetation for the area was represented by a start of the growing season on 1 May, a maximum leaf-area index (4 m 2 m Ϫ2 ), a maximum canopy height (1.0 m) on 1 July, and harvest on 1 September based on Persson (1997) and Halldin et al. (1999) . Surface canopy cover was estimated as a function of LAI, with the maximum areal fraction set to 0.9. Gustafsson et al. (2003) . b Gustafsson (2002) . c Jansson et al. (1999) . d Barfield et al. (1973 . e van den Hurk et al. (2000 . f Calibration. g Persson (1997) . h Modified versions of the TESSEL model, according to this paper. i Lundin et al. (1999) . j Assumed. k Heidmann et al. (2000) . l Mölder et al. (1999a) . m Hedstrom and Pomeroy (1998) . n Koivusalo and Kokkonen (2002) . o Lankreijer et al. (1999) .
The TESSEL model was parameterized according to the default parameter set used for open land in the operational version (van den Hurk et al. 2000) . This implies a constant LAI (ϭ3) and a fixed roughness length (0.1 m) throughout the year. In the second application (TESSEL*) the TESSEL model was run with slight modifications: a seasonal variation in LAI (as in the COUP model) and the roughness length over snow-covered areas reduced by one order of magnitude (Table  2) . 
d. Model applications
1) MODEL EVALUATION
Both models were run with hourly meteorological data and were evaluated based on the 3-yr datasets from Norunda (January 1994 -December 1996 and Marsta (November 1997 -July 2000 . Initial values were obtained by simulating the three preceding years before the evaluation periods, starting with climatological soil temperature profiles derived from average annual air temperature variations, and soil moisture content representing field capacity.
Daily average values of observed latent heat flux, sensible heat flux, net radiation, soil temperatures, soil moisture storage, transpiration, and surface albedo were used as validation data. For the Marsta site, less emphasis was placed on the comparison with observed latent heat flux because of the systematic underestimation in the measurements. The ability of the models to reproduce the observations from forest and arable land was evaluated based on 1) the coefficient of determination (r 2 ), intercept (a 0 ), and slope (a 1 ) obtained by the linear regression of simulated versus observed values, 2) mean error (ME), and 3) root-mean-square error (rmse).
2) 30-YEAR SIMULATIONS
The COUP and the TESSEL models were run with the 30-yr driving datasets for forest and arable land as constructed for both Marsta and Norunda. In order to verify whether the parameterizations were independent of the meteorological forcing, both datasets were used for simulations with the forest and the arable land parameterizations. Annual average courses and budgets of surface heat fluxes, net radiation, soil temperatures, and soil moisture storage were compared. It was found that the differences between the forest and the arable land simulations were similar irrespective of whether the Norunda or the Marsta driving data were used. Therefore, only the result from simulations with forcing datasets for one of the sites (Marsta) was used for further analyses. To minimize the influence of initial conditions, the first 5 yr of the simulations were excluded from the analyses.
Results and discussion
a. Comparison of simulations and measurements
1) NORUNDA FOREST, 1994-96 Both COUP and TESSEL reproduced fairly well the observed seasonal variation in latent and sensible heat flux from the forest site (Figs. 1a and 2a) . Nevertheless, the models differed systematically from each other and from the measurements in some critical aspects. Generally, the latent heat flux was best reproduced by the tuned version of the TESSEL model (TESSEL*), whereas the sensible heat flux was better reproduced by COUP (Tables 3 and 4) .
The interannual variation in summer latent heat flux was unsatisfactorily described by all models. TESSEL* agreed best with observations in 1994, whereas COUP was closest in 1995 and the original TESSEL model in 1996 (Fig. 1a) . The introduction of a seasonal variation in LAI and a reduced minimum canopy resistance in the TESSEL model improved the simulated latent heat flux in summer 1994 and 1995, but not for 1996 (Fig.  1a) . Both models also underestimated transpiration compared to observations in late summer 1995 and 1996 (data not shown). This indicates that seasonal variation in vegetation properties were of significant importance for the description of seasonal latent heat flux at this site, but also that an interannual variation in vegetation properties may be needed to further improve the result. Both COUP and TESSEL* agreed well with the evap- Grelle et al. (1997) , although both models underestimated the measured transpiration (Table 5 ). The COUP model was in best agreement with the observed interception evaporation. Wintertime latent heat flux was slightly overestimated by the COUP model in 1994-95 and by the TESSEL models in 1995-96 (Fig. 1a) . These overestimations were related to snow evaporation in both models. However, in the COUP model it originated from intercepted snow, whereas in the TESSEL models (which do not consider snow interception) from snow below the forest canopy. The discrepancies between observed and simulated wintertime latent heat fluxes were relatively VOLUME 43 (maximum daily average was 0.6 mm day Ϫ1 ), which is still lower than the 0.3 mm h Ϫ1 reported by Lundberg and Halldin (1994) for a Swedish forest. Lundberg et al. (1998) also found evaporation rates from intercepted snow as high as 0.56 mm h Ϫ1 at a site in Scotland. The observed winter sensible heat flux for the forest was well reproduced by the COUP model, whereas it was systematically overestimated by the TESSEL models (Fig. 2a) . Gustafsson et al. (2003) argued that the underestimation of downward sensible heat flux by the TESSEL model was due to an erroneous ratio between the aerodynamic coupling and the thermal conductivity in the soil surface. The conclusion was that too much heat was taken from the soil instead of from the air to balance the negative net radiation. This is further supported by our results with the COUP model, in which an upper limit (500 s m Ϫ1 ) for the aerodynamic resistance was used to avoid unrealistic cooling of the canopy. This clearly resulted in a much better agreement with observed sensible heat fluxes.
Simulated and observed net radiation agreed well in general. The slight underestimation by the COUP model (Tables 3 and 4) is related to the fact that the COUP model simulated higher downward sensible heat fluxes and thereby higher surface temperatures. On the other hand, observed forest soil temperatures were well reproduced by the COUP model (Fig. 3a) , whereas the annual amplitude was greatly overestimated by the TES-SEL model. The thermal conductivity of the soil surface had to be reduced to 90% of its default value in the TESSEL model, to reproduce the observed soil temperatures (Gustafsson et al. 2003) . This corresponded well with the parameterization used in the COUP model. However, a reduced thermal conductivity between the vegetation and the soil induced an unrealistic surface cooling during stable conditions, due to the large stability correction of aerodynamic resistances. This was avoided in the COUP model as described above. A correct surface energy balance is of highest priority for the TESSEL model. Therefore, the errors in simulated soil temperatures were tolerated. The increase in soil temperatures in spring was well simulated by both models, which indicates that the simulation of the snow cover was reasonable. Unfortunately, observations of snow cover in the Norunda forest were lacking.
The observed variation in soil water storage was reasonably well reproduced by the COUP model (Fig. 4a) . Discrepancies could be attributed to the large spatial variation in the observations caused by substantial soil heterogeneity. The more site-specific parameter values in the COUP model resulted in a better agreement with observations than for the TESSEL model. The models differed with respect to soil freezing in winter and the depth distribution of water uptake in summer.
2) MARSTA ARABLE LAND, 1997-2000
Statistics of the comparison between simulated and observed variables for the Marsta site are presented in Tables 6 and 7 , for the warm and cold seasons, respectively. Generally, the observed sensible heat flux and the temporal variation in latent heat flux (only included as a reference for the seasonal pattern because of the systematic underestimation in the measurements) were well reproduced by all models (Figs. 1b and 2b) . The results were somewhat better for the COUP and the TESSEL* models when compared with the original TESSEL model (Figs. 1b and 2b) . Although discrepancies between models were relatively small in general, some systematic differences in model to observation agreements were identified. The observed summer sensible heat flux was better reproduced by the COUP model compared to the TES-SEL models (Table 6 ). Introducing a seasonal variation in vegetation properties in TESSEL* only slightly improved the simulation of sensible heat flux in summer ( Fig. 2b and Table 6 ), because the reduction in transpiration was compensated for by increased evaporation from bare soil.
Downward sensible heat flux during winter was overestimated by the TESSEL model in comparison with the observations when using a constant roughness length of 0.1 m throughout the year (Fig. 2b) . The results improved significantly when the roughness length over snow-covered areas was reduced by one order of magnitude (Table 7) , and were then even slightly better than those of the COUP model.
Simulated net radiation compared well to observations for all models during the whole period (Tables 6 G U and 7). However, as for the forest site the COUP model slightly underestimated the net radiation in comparison with the measurements, which indicates that the contribution of sensible heat flux to the surface energy balance might have been overestimated. On average, the COUP model underestimated the sensible heat flux, but the discrepancies lay within the range of the expected measurement error.
Soil temperatures were simulated with similar accuracy by all models. However, winter soil temperatures simulated by the TESSEL models were 1Њ-3ЊC lower than those predicted by the COUP model (Fig. 3b) , because of differences in the simulated snow cover depth and the parameterization of the soil freezing characteristic curve. The COUP model systematically estimated a deeper snowpack, which resulted in a more effective thermal insulation of the soil. The reduced downward sensible heat flux over snow in the tuned TESSEL model (TESSEL*) further increased the cooling of the soil in comparison with the operational model (Fig. 3b) .
Observed surface winter albedo was best reproduced by the COUP model, probably because of a better parameterization of snow albedo and a slightly better simulation of the snow cover evolution (r 2 ϭ 0.54 and a 1 ϭ 0.83 for COUP, and r 2 ϭ 0.60 and a 1 ϭ 0.53 for TESSEL*).
The pattern of variation in soil water storage was reasonably well reproduced by all models. As for the forest, discrepancies can be related to the limited representativity of spatially variable small-scale measurements for field-scale soil moisture conditions. Differences between models were due to differences in parameterization of soil properties.
b. 30-yr simulations: Forest versus arable land
1) LATENT HEAT FLUX AND EVAPORATION
COMPONENTS
The seasonal pattern in latent heat flux from forest and arable land differed significantly according to the COUP model simulations (Fig. 5a ). The latent heat flux from the forest was higher than from the arable land during winter, spring, and autumn, whereas it was higher from the arable land in the middle of the summer. This is explained by differences in transpiration and soil evaporation as controlled by LAI, canopy surface resistance, and radiation (Figs. 6a and 6b) , the more con- servative water use by the forest trees, and the higher evaporation of intercepted water from the forest (Fig.  6c) as controlled by lower aerodynamic resistances and higher interception storage when compared with arable land.
Generally, the transpiration in the forest started in March-April, and reached its maximum rate already in June. The transpiration from the arable land started later, but increased rapidly following the evolution of LAI. The maximum rates in July exceeded the forest transpiration by about 0.5 mm day Ϫ1 averaged over a 7-day period, whereas the reverse was obtained in April and September (Fig. 6a) . Soil evaporation showed an opposite pattern. Simulated soil evaporation from arable land exceeded that from the forest during snow-free conditions in spring and autumn (Fig. 6b) . This nearly compensated for the differences between the systems with regard to transpiration. However, the evaporation of intercepted water was higher from the forest than from the arable land at all times of the year (Fig. 6c) , and the difference was systematically larger during winter when the interception storage was relatively small on the arable land.
Differences in seasonal patterns between the COUP and the TESSEL simulations were mainly attributed to the different treatment of snow and interception evaporation during winter and the lower and static leaf-area index for open arable land in TESSEL. The introduction of a seasonal variation in leaf-area index for both land covers significantly reduced the systematic differences between the models, especially with respect to arable land. However, the lack of interception evaporation during winter in the TESSEL model remained as a major cause of discrepancy in the seasonal patterns reproduced by the two models (Fig. 6c) .
2) SENSIBLE HEAT FLUX
The sensible heat flux from the forest greatly exceeded that from the arable land in summer (Fig. 5b) . This was primarily caused by the higher canopy surface resistance of the forest compared to the arable crop, which controlled the rate of transpiration and, consequently, the latent heat flux. Second, it was a result of the higher net radiation and the lower aerodynamic resistance of the forest. Typically, negative sensible heat fluxes in the middle of the day due to the high evapo-
transpiration from the fields were observed at Marsta in summer.
The winter was characterized by the large downward sensible heat flux over both forest and arable land. The downward sensible heat flux over the forest exceeded that for arable land during November-December, which corresponded to the larger net loss of latent heat from the forest during these periods. However, the average sensible heat flux over the forest increased to positive (upward) values already in March, following the annual course of net radiation; whereas it remained negative (downward) over the arable land throughout March and April. It is, thus, reasonable to assume that in a patchy landscape like the NOPEX region, the forest contributes sensible heat to the snowmelt in open areas. The seasonal differences between forest and open land were more pronounced in the COUP simulations due to the higher losses of latent heat by interception evaporation in winter, which were not accounted for in the TESSEL models.
3) NET RADIATION
The net radiation was generally higher above the forest compared to the arable field (Fig. 5d) , due to the lower albedo of the forest at all times of the year. The albedo of the forest was only 8% in summer and did not exceed 20% in winter. The albedo of the arable land was up to 60% in winter, and was never below 20% in summer. However, because the global radiation was relatively low during the main part of the winter, the large discrepancy in albedo was of minor importance for the net radiation from November to February. The largest difference in net radiation between forest and arable land (about 20 W m Ϫ2 ) occurred from the final snowmelt in April throughout the vegetation season (Fig. 5d ).
4) SOIL TEMPERATURE AND SNOW DEPTH
The simulated soil temperatures showed typical differences between the forest and the arable land. The annual amplitude was 2Њ-7ЊC larger in the arable land than in the forest in the top 7 cm of the soil, and 2Њ-4ЊC larger in the 28-100-cm layer. This was due to the lower thermal conductivity in the topsoil, the larger fraction of net radiation absorbed by the canopy and the reduced turbulent exchange from the forest floor compared to the arable land ( Table 2 ). The seasonal differences between the two surface types were, however, less pronounced in the simulations with the TESSEL model, due to the exaggerated thermal coupling between the soil and the canopy in the forest as previously discussed.
The maximum simulated snow depth was about 20 cm both in the forest and on the arable land. The largest difference (about 8 cm or 20%-30% more in the forest) occurred toward the end of the snowmelt season. The final snowmelt was delayed about 10 days in the forest in comparison with open land, which can be expected because of the reduced radiation below the canopy (Ohta et al. 1993) . Less accumulation of snow might be expected in the forest because of evaporation of intercepted snow (Harding and Pomeroy 1996) . However, higher inputs of sensible and latent heat fluxes to the snowpack in open areas can compensate for these differences in a Seandinavian climate characterized by several snowmelt events throughout the winter (Koivusalo and Kokkonen 2002) .
5) ANNUAL WATER AND HEAT BALANCE
The accumulated net radiation was 1216-1296 for forest and only 856-934 MJ m Ϫ2 yr Ϫ1 for the arable land (Fig. 7) . In other words, the forest absorbed about 40% more radiation than the arable land, mainly because of its lower albedo at all times of the year. The partitioning of net radiation into latent heat flux and sensible heat flux differed significantly between the forest and the arable land. The average Bowen ratio (H/LE) for the forest was approximately 0.9 (1.7 midday) in July based on the COUP model simulations, whereas the corresponding figure for the arable land was 0.3 (0.6 midday). These results are comparable to those reported by Bringfelt et al. (1999) . The large difference in net radiation between the two surface types was mainly balanced by the sensible heat fluxes, because the difference in latent heat flux was much smaller (Fig. 7) . The arable land was a net sink for sensible heat, due to large negative winter sensible heat fluxes used for snowmelt and the high rates of evaporation during summer. However, during the calibration period the accumulated measured sensible heat flux was positive and constituted 11% and 25% of the net radiation in the open land and the forest, respectively. This could most likely be explained by slightly different average climate conditions in comparison with the 30-yr period. The forest calibration period (1994-96) was drier (18% less precipitation in both summer and winter), while the arable land dataset (1997) (1998) (1999) (2000) was characterized by warmer and more humid winters (1Њ higher average air temperature from November to April). The annual heat budgets based on the TESSEL models differed from those by the COUP model mainly because of smaller downward sensible heat flux in winter and the lack of evaporation from intercepted snow in the TESSEL model. For arable land, the introduction of seasonal variation in leaf-area index (TESSEL*) influenced the within-year distribution of latent heat flux (Fig. 6a) and the partitioning into different evaporation components as well as the total annual flux (Fig. 7) . For the forest, sensible heat flux was significantly reduced in the ''tuned'' TESSEL model (Fig. 7) , mainly because of the increased summer evaporation.
The net heat storage in the ground could be expected to be around zero, when averaged over several years. The results presented in Fig. 7 indicate considerable net heat storage in the ground. However, the ground heat
Average annual heat budget for forest and arable land, simulated with the COUP, the TESSEL, and the modified TESSEL* models using the Marsta dataset 1975-99. flux in this context also includes the energy needed to melt the snowpack in spring. The average cumulative snowfall was 138 mm yr Ϫ1 , which corresponds to a latent heat flux of Ϫ46 MJ m Ϫ2 yr Ϫ1 . The annual totals of different evaporation components based on the COUP model confirm the general pattern that differences between forest and arable land were mainly attributable to higher interception evaporation from the forest, which was partly counteracted by higher evaporation from bare soil in arable land (Fig. 8) . However, this pattern was not distinguished in the TESSEL simulations for which evaporation from intercepted snow was not accounted. The original TESSEL model also showed proportionally less soil evaporation and more transpiration from arable land because of the use of a static leaf-area index. The partitioning into different evaporation components for arable land as well as annual forest transpiration was much closer to the COUP model when a seasonal variation in LAI and a more representative value for the forest minimum canopy resistance were used.
Concluding remarks
Simulations with a detailed SVAT model (COUP) and a ''tuned'' version of a GCM land surface scheme (TES-SEL*) agreed well with observed values of energy balance components and soil temperatures during a 3-yr period for the forest, as well as for arable land. Results from the GCM land surface scheme parameterized with operational values (TESSEL) differed from the observations for both types of land covers in some important aspects. The introduction of seasonal variations in leafarea index and tuning of canopy surface resistance reduced the discrepancies with observations for both forest and arable land. A reduction of the roughness length over snow-covered open land also significantly improved the accuracy of simulations for arable ''open land.'' These modifications reduced the simulated latent heat flux in winter, spring, and autumn and also improved the simulation of sensible heat. Although models differed in several model concepts and parameter values the tuned GCM scheme (TESSEL*) then reproduced observations with similar accuracy as the COUP model. The results differed systematically in some aspects, but except for sensible heat flux in winter, the overall performance of these two models was equally good with respect to surface energy balance components, considering the uncertainties in observations and energy balance closure.
The forest sensible heat flux was best reproduced by the detailed SVAT model, whereas the latent heat flux was better reproduced by the tuned GCM scheme. However, latent heat flux was difficult to reproduce well for all years, probably because of interannual variations in vegetation properties that were not accounted for in the models. The winter sensible heat flux from the forest was systematically overestimated by the GCM scheme in comparison with the observations, whereas it was well reproduced by the detailed SVAT model.
Based on the 30-yr simulations, the accumulated net radiation was 40% higher in the forest when compared with the arable land. The forest was a net source of sensible heat flux, whereas the arable land was a net sink. Transpiration was higher from arable land in summer, and total soil evaporation exceeded that from the forest, whereas interception evaporation was higher from the forest at all times of the year.
The average seasonal patterns and differences in energy fluxes of the two types of land cover over the 30-yr period obtained with the detailed SVAT model were better reproduced by the tuned version of the GCM land surface scheme than by the operational version. This demonstrates the robustness of the simple modifications to the GCM land surface scheme and the significant importance of including seasonal dynamics in vegetation properties to represent forest and open land within the boreal zone with a reasonable accuracy in GCM types of SVAT schemes.
However, the restriction of interception evaporation to snow-free conditions in the GCM model remained as a source of considerable discrepancy between the two types of models. As a consequence, total annual latent heat flux from the forest exceeded that from the arable land as predicted by the detailed SVAT model, whereas the ''tuned'' GCM model showed no difference between the two surface types. This demonstrates the importance of accounting for evaporation from intercepted snow to adequately represent land surface energy fluxes within the boreal zone. The significance of seasonal variation in vegetation properties for simulation of global rainfall patterns was recently shown by van den Hurk et al. (2003) . However, a more physically sound representation of forest snow evaporation does not necessarily have a significant impact on larger-scale climatic patterns due to the feedback from the atmosphere, as recently shown by Essery et al (2003) .
The results also demonstrate that the evaluation of different model schemes includes a delicate balance between the relative importance of different model concepts, the reliability of observed data, and the choice of parameter values concerning the specific scale of consideration.
